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a b s t r a c t 
Beryllium as the plasma facing material for the ﬁrst wall of ITER will be exposed to thermal, particle and 
neutron loads. In the frame of the European qualiﬁcation program for ITER, two HIPped beryllium small 
scale ﬂat-tile mock-ups consisting of a steel support structure, a CuCrZr/Cu heat sink and two beryllium 
tiles on top were manufactured by CEA. One mock-up was exposed to neutron irradiation up to 0.75 dpa 
in beryllium in the RBT-6 ﬁssion reactor at Dimitrovgrad, Russia, while the other one was kept as ref- 
erence. Furthermore, an identical mock-up was produced in Russia by manufacturing via electron beam 
induced rapid brazing and also exposed to the same neutron irradiation conditions. 
For qualiﬁcation, all three ﬂat-tile mock-ups were exposed to cyclic steady state heat loads in the elec- 
tron beam facility JUDITH-1 up to a maximum of 3.0 MW/m 2 . Thereby, each tile was loaded individually 
as the full loading area exceeds the limits of the facility. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
The ﬁrst wall and divertor of ITER will be exposed to high
hermal, particle and neutron loads [1] . In dependence on the lo-
ation in the main chamber, the material and components have
o accommodate heat ﬂuxes from 2 MW/m 2 (normal heat ﬂux)
o 4.7 MW/m 2 (enhanced heat ﬂux) [2] . For the ﬁrst wall, beryl-
ium with all its advantageous and disadvantageous properties is
hosen as plasma facing material as optimum solution with re-
ard to plasma power handling and particle ﬂux characteristics [3] .
hereby, the development of ﬁrst wall plasma facing components
s already in the qualiﬁcation phase, which is done by high heat
ux testing [4] . As part of the European beryllium qualiﬁcation
rogram for the use as plasma facing material on ﬁrst wall compo-
ents for ITER [5] , two HIPped beryllium small scale ﬂat-tile mock-
ps with the normal heat ﬂux design were manufactured by CEA
6] . The mock-ups consist of a stainless steel support structure, a
uCrZr/Cu heat sink and two beryllium tiles on top. Furthermore,
n identical mock-up was produced by Efremov, Russia, by manu-
acturing via fast brazing [7] . ∗ Corresponding author. 
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Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.02.00The aim was to investigate synergistic effects of neutron and
hermal loads in subsequent testing campaigns. Accordingly, one
uropean mock-up and the Russian mock-up were exposed ﬁrst to
eutron irradiation up to 0.75 dpa in the RBT-6 ﬁssion reactor at
imitrovgrad, Russia, while the other one was kept as reference
8] . Secondly, for qualiﬁcation, all three small-scale ﬂat-tile mock-
ps were exposed to cyclic steady state heat loads in the electron
eam facility JUDITH-1 at Forschungszentrum Juelich starting from
creening tests at 0.5 MW/m 2 up to a maximum of 200 cycles at
.0 MW/m 2 . In total up to 1700 cycles at different power densities
ere applied with a maximum of 500 cycles at a particular power
ensity. Thereby, each tile was loaded individually as the full load-
ng area would have exceeded the limits of the facility. 
Qualiﬁcation criteria are not only the number of sustained cy-
les but also the beryllium surface temperature at a respective
ower density and, if existing, the failure mode. 
. Components, irradiation and testing conditions 
Each of the three investigated mock-ups consists of 2 iden-
ical beryllium tiles with dimensions of ∼56 ×56 ×9 mm 3 and
56 ×56 ×10 mm 3 for the European mock-ups and the Russian
ock-up, respectively, and a gap of 2 mm between these tiles. For
he European mock-ups and the Russian mock-up the beryllium
rades S65-C and TGP-56 were used, respectively. The tiles arender the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Overview and cross section of the European Be mock-up including main dimensions. 
Fig. 2. Installation of the Be mock-ups in JUDITH-1 by the specially developed 
clamping device also for handling via manipulators. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 
High heat ﬂux testing parameters in JUDITH-1. 
A loading ∼56 ×56 mm 2 
Scanning frequency 40 ×31 kHz 
v (water) ∼2.8 m/s 
p in (water) ∼0.4 МP а 
T in (water) RT 
t @ cycling 50 / 50 s 
Table 2 
Planned loading conditions for the 
qualiﬁcation of the mock-ups. 
# of cycles P [MW/m 2 ] 
500 1 .8 
500 2 .4 
500 2 .75 
200 3 .0 
200 3 .25, 3.5, 3.75, …
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2  HIPped to a 21 mm high CuCrZr heat sink containing two symmet-
rically positioned stainless steel cooling channels with 10 mm in-
ner diameter and 1 mm wall thickness. As supporting structure a
26 mm stainless steel back plate is joined to CuCrZr. This support
structure contains an additional cooling tube of 12 mm inner di-
ameter ( Fig. 1 ). 
Neutron irradiation of one European mock-up and the Russian
mock-up was performed in the RBT-6 reactor at Dimitrovgrad. In-
pile thermal cycling (3720 thermal cycles at 60 °C coolant tem-
perature and a surface heat ﬂux of 0.5 MW/m 2 ) of the mock-ups
was performed to a damage level of 0.11 dpa (Be) / 0.15 dpa (Cu-
CrZr and SS). This was followed by irradiation in the non-cycling
regime up to an average ﬂuence of fast neutrons ( E > 0.1 MeV) of
1.4 × 10 21 n/cm 2 still at 60 °C coolant temperature. This resulted for
Be and CuCrZr/stainless steel in a volume averaged damage level of
0.75 ± 0.05 dpa and 1.05 ± 0.05 dpa, respectively. For the thermal
monitoring during neutron irradiation, thermo-couple holes were
inserted at the side of the component in beryllium and CuCrZr
( Fig. 1 ). 
The high heat ﬂux (HHF) testing was done at the electron beam
facility JUDITH-1 at Forschungszentrum Juelich, which is located in
a hot cell [9] . For the installation of the irradiated mock-ups and
the required remote handling via manipulators, a new clamping
device was developed ( Fig. 2 ). The connection between cooling cir-
cuit and mock-up was established via conical adaptors made from
pure Cu. Thereby, due to the limited manageability via manipula-
tors, cooling was only performed via the two stainless steel cooling
tubes in CuCrZr while the stainless steel support structure had to
be left uncooled. However, based on experience the inﬂuence of
cooling the stainless steel support structure on the overall temper-
ature ﬁeld was assumed to be marginal. Please cite this article as: G. Pintsuk et al., High heat ﬂux testing of ﬁ
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.02.00Each tile (A and B) was loaded individually as the full loading
rea would have exceeded the limits of the facility. Furthermore,
he electron beam has a beam diameter at full width half maxi-
um of 1 mm, requiring high frequency scanning across the sur-
ace in a triangular scanning mode. The chosen frequencies and
ll other parameters are shown in Table 1 . Thereby, for the cool-
ng circuit of JUDITH-1 a linear dependence of water velocity and
ressure exists resulting in a relatively low inlet pressure due to
he required low ﬂow rate of ∼2.8 m/s. The chosen cycling time of
0 s on and 50 s off allows the component to reach steady state in
he loading but also in the cooling regime. 
For allowing the qualiﬁcation of the component in a ﬁrst step
he initial performance of the mock-ups and in particular the
oints was investigated by various screening cycles from 0.5 to
.8 MW/m 2 . In a second step, several cycling steps were per-
ormed applying up to 500 cycles at a particular loading condition
 Table 2 ) until failure of the component occurred or the tempera-
ure limit of the facility, i.e. 700 °C, was reached. 
. Results and discussion 
During HHF-testing of the non-irradiated European mock-up,
oth tiles, although loaded individually, started overheating at
ne outer corner of the loaded area ( Fig. 3 ) during cycling at
.75 MW/m 2 . However, even up to 200 cycles at 3 MW/m 2 the tilesrst wall mock-ups with and without neutron irradiation, Nuclear 
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Table 3 
Comparison of fatigue resistance and failure modes of reference and irradiated mock-ups. 
Tile A Tile B 
EU –
non-irr. 
157 cycles @ 3. 0 MW/m 2 : stop due to exceeding of temperature 
threshold; continuous degradation by overheating of one corner that 
started during cycling at 2.75 MW/m 2 
200 cycles @ 3. 0 MW/m 2 and screening @ 3. 25 MW/m 2 : stop due to 
exceeding of temperature threshold; continuous degradation by 
overheating of one corner that started during cycling at 2.75 MW/m 2 
EU – irr. 11 cycles @ 3.0 MW/m 2 : stop due to spontaneous failure 500 cycles @ 2. 4 MW/m 2 and screening @ 2. 75 MW/m 2 : stop due to 
local exceeding of temperature threshold caused by local melting 
during cycling at 1.8 MW/m 2 due to facility malfunction 
Russia – irr. 25 cycles @ 2.4 MW/m 2 : stop due to spontaneous failure 500 cycles @ 1. 8 MW/m 2 and screening @ 2. 1 MW/m 2 : stop due to 
spontaneous failure 
Fig. 3. IR-images of the non-irradiated European mock-up, tile A, at the end of the screening at the particular power density after cycling (left) and after 5 s cool down 
(right). 
a  
a  
(
 
t  
t  
d  
c
c  
t  
i  
(  
p  
r
 
u  
l  
I  
t  
c  
A  
p  
B  
t  
t  
d
 
u  
i  
n  
t  
s  
i  
e  
E  
2  re still attached and the tests were stopped due to exceeding the
llowed surface temperature in JUDITH-1 in the overheated area
 Table 3 ). 
In contrast, the irradiated European mock-up failed abruptly at
he edge between the two Be tiles. For tile A this occurred af-
er 11 cycles at 3.0 MW/m 2 without showing any sign of degra-
ation before failure ( Fig. 4 ). For tile B a malfunction of the fa-
ility’s deﬂection system occurring during cycling at 1.8 MW/m 2 
aused local melting of the surface. Based thereon, the tests on
ile B were stopped after screening at 2.75 MW/m 2 due to exceed-
ng the facility’s temperature threshold at the affected molten area
 Table 3 ). However, despite this local overheating, the cool down
erformance of tile B did not show any degradation of the heat
emoval capability up to this loading step. 
Similar to the irradiated European mock-up, the Russian mock-
p failed abruptly on both tiles ( Table 3 ). Thereby, the sustained
oading conditions are a maximum of 25 cycles at 2.4 MW/m 2 .
n both cases a full detachment of the Be-tile occurred. Thereby,Please cite this article as: G. Pintsuk et al., High heat ﬂux testing of ﬁ
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.02.00he crack ﬁrst runs along the Be/Cu interface while it then pro-
eeds into the Be-tile creating a hemisphere like structure ( Fig. 5 a).
lthough the irradiated European mock-up did not detach com-
letely, in a side view ( Fig. 5 b) similarly partial detachment at the
e/Cu interface and crack formation into Be was found for both
iles. A possible reason for the change in failure mode after neu-
ron irradiation is the neutron induced embrittlement and reduced
uctility of beryllium [3,10] . 
The comparison of the reference and irradiated European mock-
p shows that the measured surface temperatures after neutron
rradiation are signiﬁcantly higher ( Fig. 6 ). Thereby, it needs to be
oted that due to the lack of a calibration tile and no measured
emperature by the two color pyrometer (range: 550–1600 °C) the
urface emissivity was set for the Russian mock-up and the non-
rradiated European mock-up, based on former experience, to an
missivity of 0.3. A change of the emissivity for the non-irradiated
uropean mock-up between cycling of tile A at 2.4 MW/m 2 and
.75 MW/m 2 , attributed to slight air ingress during testing and arst wall mock-ups with and without neutron irradiation, Nuclear 
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Fig. 4. IR-images of the irradiated European mock-up, tile A, at the end of the screening at the particular power density after cycling (left) and after 5 s cool down (right). 
Fig. 5. Macroscopic image of the loaded irradiated mock-ups; (a) Russian mock-up 
with detached tiles; (b) European mock-up showing crack formation at the Be/Cu 
interface and in Be. 
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Please cite this article as: G. Pintsuk et al., High heat ﬂux testing of ﬁ
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.02.00achine shut down for a longer period leading to the formation of
 surface oxidation layer, has been identiﬁed as the most probable
eason for the measured temperature increase shown in Fig. 6 . For
he irradiated European mock-up a calibration via two-color py-
ometer was possible resulting in an emissivity of 0.39. On the one
and the higher temperatures after irradiation might be attributed
o the degradation of the thermo-physical properties of the mate-
ials, which experimentally only occurs for low irradiation temper-
ture and high dose [3] and therefore would correspond to the ap-
lied irradiation conditions at 60 °C. On the other hand, due to the
pplied in-pile cyclic loading at 0.5 MW/m 2 also a degradation at
he joined interfaces could have occurred. Neither thermo-physical
or metallographic analyses could be performed to verify one or
oth hypotheses. The discrepancy in surface temperature between
he irradiated European and Russian mock-up is to a large extent a
esult of the increased thickness of the Be-tile by 1 mm in combi-
ation with the used different surface emissivity values. The use of
ifferent Be-grades for the European and Russian mock-ups might
lso play a minor role. However, based on the limited number of
ests and the failure mode shown in Fig. 5 , from the results a supe-
iority of one or the other joining technology cannot be deduced.
ccurring differences in power handling capability might be at-
ributed to the thickness and the material properties of the used
e-grades. 
Despite the signiﬁcant difference in temperature, the change in
verall performance before and after neutron irradiation is com-
arably low and at least thermal fatigue loading up to 500 cy-
les at 2.75 MW/m 2 was sustained by the European mock-up inrst wall mock-ups with and without neutron irradiation, Nuclear 
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Fig. 6. Temperature evolution for all three investigated mock-ups during screening at the particular power density for tile A and B. 
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[ll cases (a clear statement about the performance of tile B of the
rradiated European mock-up is not possible due to mentioned rea-
ons, Table 3 ). However, the abrupt failure mode after neutron irra-
iation makes it diﬃcult to detect failures well before they become
ritical. 
. Summary 
As part of the European beryllium qualiﬁcation program for the
se as plasma facing material on ﬁrst wall components for ITER,
wo HIPped beryllium small scale ﬂat-tile European mock-ups pro-
uced by CEA and an identical Russian mock-up produced by Efre-
ov were neutron irradiated up to 0.75 dpa and subsequently high
eat ﬂux tested. The obtained ﬁndings can be summarized as fol-
ows: 
• Neutron irradiation inﬂuences the thermal performance by
increasing the measured surface temperature; this could be
caused either by (a) a decreasing thermal conductivity of the
plasma facing and heat sink materials or (b) a degradation at
the joined interface between beryllium and copper. 
• Location and mode of failure changed from (a) a slowly devel-
oping delamination at an outer corner without neutron irradi-
ation to (b) an abrupt failure starting at the edge between two
tiles for the neutron irradiated mock-ups; possible reason for
this change is neutron induced embrittlement of beryllium. 
• Neutron induced embrittlement may also trigger the detach-
ment of neutron irradiated beryllium tiles, which started by
cracking at the Be/Cu interface followed by crack deﬂection into
beryllium. Please cite this article as: G. Pintsuk et al., High heat ﬂux testing of ﬁ
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.02.00cknowledgment 
The work leading to this publication has been funded partially
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